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Field and intensity correlation in random media
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We have obtained the spectral and spatial field correlation functiop@\ w) and Cg(AXx), respectively,
from measurement of the microwave field spectrum at a series of points along a line on the output of a random
dielectric mediumCg(Aw) andCg(AXx) are shown to be the Fourier transforms, respectively, of the time of
flight distribution, obtained from pulsed measurements, and of the specific intensity. Whikew), the
imaginary part olCg(AXx) is shown to vanish as a result of the isotropy of the correlation function in the output
plane. The complex square of the field correlation function gives the short-ranGe contribution to the
intensity correlation functiorC. Longer-range contributions to the intensity correlation function are obtained
directly by subtractingC; from C and are in good agreement with theory.

PACS numbsgs): 41.20.Jb, 05.40-a, 71.55.Jv

The random phasing of multiply scattered partial waves infrequency domain including absorption and boundary condi-
disordered media leads to intensity fluctuations whose shortions are in good agreement with experiments.
range spatial correlation is determined by the square of the In order to eliminate instrumental distortions of field and
field correlation function. This field-factorization term is the intensity spectra, we normalize the field by the square root of
leading orC, contribution to the cumulant intensity correla- the average intensity and the intensity by its average value at
tion function C=(48l8l')~C,=|(EE'*)|2. Here 8l is the each frequency and position. In addition, measurements are
fluctuation of the intensity from its ensemble average value, carried out in a frequency range in which the change in scat-
8l=1—(lI), E is the electromagnetic field, add- - ) repre-  tering parameters is small. This allows us to obtain the func-
sents the ensemble average. This approximation gives th®nal form of the relative degree of correlation. We will
well-known Gaussian statistics of the fie[d,2] and the henceforth denote the normalized intensit{ ) by | and the
negative exponential distribution of the intendi~5]. The  normalized fieldE/(1)Y? by E. The cumulant correlation
intensity correlation lengtldx sets the scale of the speckle function of the normalized intensity will now be denoted by
spots, while the correlation frequendyp represents the in- C, which is the sum of three ternj84,25,12,1%
verse of the spread in transit time between the source and the
point of observation. Recent advances in speckle statistics C=C;+C,+Cs. (1)
have shown, however, that fluctuations in inten$y-10],
total transmissiori8,11-17, and conductancgl8-22 are
enhanced beyond the predictions of Gaussian statistics, a
result of long- and infinite-range intensity correlations, the
C, andC; contributions to the intensity correlation function,
respectively.

In this paper, we present observations of the field corre-
lation function(EE'*) in the spectral and spatial domains in sinhgga sinhal’
measurements of the microwave field transmitted through Ce(Av)=(E(»)E*(v+Av))=— e
random media. We relate these to their corresponding Fou- sinhqol. @
rier transforms, the time of flight distribution of photons, and
the specific intensity, which gives the angular distribution of
the intensity in the far field. Taking the complex square ofwherelL is the sample length,’ =L+ 2z, is the effective
the field correlation function gives th@, contribution and length corrected for internal reflectioz,=2I(1+R)/3(1
makes it possible to consider the differer€e-C,, which ~ —R) is the extrapolation lengtf80-32, R is the reflection
includes 0n|y terms beyond the field-factorization approxi-CoefﬁCient at the bOUndary averaged over internal incident
mation, which are responsible for enhanced fluctuations ofngles,| is the transport mean free pai=1/L, is the in-
transmission quantities. Since higher order contributions thamerse of the diffusive absorption length= D, D is the
C, are small in these sampleS,— C, essentially equal€,. diffusion constant, is the absorption timea="51/3 is the
In the pasiC, was found from measurements of the correla-randomization distance from the plane in which the intensity
tion function of total transmissiofi4,15 or from fitting the  inside the medium extrapolates to zegqg=7y, —iy_, v>
measured intensity correlation function using an assumeé 3(\/a®+ 8%+ a?), and 8= \27Av/D. The C, term is of
functional form for C; and C, [23]. Here C, is directly  order 1§ at Av=0 and Ax=0. Far from the localization
separated from the intensity correlation function by subtracttransition, the expression for the, contribution including
ing C, from C. Theoretical expressions f@; andC, in the  absorption is given by33,34

STgeC1 term is unity for frequency shith v=0 and displace-
ment Ax=0. The spectral field correlation function for a
plane wave incident upon a slab or upon a quasi-one-
dimensional sample is given §26—-29
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expression differs from Eq14) in [33] by a factor of 2 to R TR -
take into account the one-channel-in, one-channel-out mea- Ean
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FIG. 1. Real(crossesand imaginary(dots part of field corre-

In the absence of absorptioB,(A »)=4/3g. Equations(3) lation function with frequency shift. Equatiai2) has been used to
and (4) do not include internal reflection. The complete ex-fit (solid Iint_e) the real _part. The fit to the imaginary part is not
pression forC, including internal reflection is detailed in ShOWn. but it necessarily follows.
Appendix A. TheC5 contribution is responsible for the uni-
versal conductance fluctuations measured in electronic sy&lectronics amplifiers. The results are collected using a digi-
tems[18—21]. It has recently been observed in optics in timetal sampling oscilloscope. The complex square is taken and
correlation experimentg35]. This contribution is of order averaged over 4096 configurations and shown in Fig. 2. Be-
1/92 and iS more Strong'y suppressed by absorption than th@ause the |nC|dent pulse IS m.UCh Shorter than the typ|Ca| tra-
C, term[8] and will therefore not be considered here. vgrsal time through the medium, and encompasses a ba_nd—

The system studied here is composed of randomly posividth much greater than the correlation frequency, this
tioned3-inch polystyrene spheres at a volume filling fraction Meéasurement gives the time of flight d|str_|but|on of photons
of 0.52 contained withi a 1 mlong, 7.6 cm diameter copper Propagating through the sample at a carrier frequency of 19
tube. Wire antennas are used as the emitter and detector @HZ- The line through the data is the Fourier transform of
the input and output surfaces of the sample. A Hewlett-th? field correlation fgnctlon which is averaged over configu-
Packard 8722C vector network analyzer is used to measuf@tion and frequencies between 18.5 and 19.5 GHz. The
the microwave field, giving its amplitude and phase. Mea-2greement between these sets of data shows that the field
surements are made in thes andK bands with frequency corre_latlon function gnd_ the time of fllght distribution are
steps of 625 kHz and displacements of 1 mm glan4 cm _Founer trapsform pairs in ggreement with the demonstratllon
line running symmetrically about the center of the outputi Appenmx B. .Thls.result is analogous to the demonstration
surface. After the spectrum is taken at a given position, thdhat the intensity distribution on the output surface due to
detector is translated by 1 mm. Measurements are made f@0int excitation(the point spread functiorand the intensity
two positions of the input antenna separated by 3 cm. Oncgorrelation function with identical shlfts_ in the incident z_ind
spectra are taken at each point on the line, the copper tube §§attered wave vectdri2,37 are Fourier transform pairs
rotated briefly to create a new configuration. Measurements
are made in 200 sample realizations and spectral and spatic 25 - ' — — ' '
correlation functions are computed from these data.

The real and imaginary parts of the field correlation func-  »g
tion with frequency shift are shown in Fig. 1. Averaging has
been performed over sample configuration, position of the
source and detector, and frequency between 16.8 and 17.
GHz, where transport parameters are known to vary slowly= r
[32]. The real part of the correlation function falls quadrati- § 1°
cally, whereas the imaginary part rises linearly with fre- © r
guency shift, for small shiftg36]. From a three-parameter fit 5[
using Eg.(2) and the value of the reflection coefficieRt i
=0.13 measured if32], we find the diffusion constarid
=3.3x 10 cn?/s, the absorption length,=33.3 cm, and i
the penetration depta=18.3 cm, which in turn give the r
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We have also carried out measurements of pulsed propa-
gation in the same sample. The responseatl nspulse FIG. 2. Time of flight distribution for carrier frequency 19 GHz.

shaped by a pulse forming network and mixed to a localThe continuous line is the Fourier transform of the field correlation
oscillator at 19 GHz is measured using high bandwidth B&Hfunction[Eq. (B4)] in the range 18.5 to 19.5 GHz.
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FIG. 3. Real(circles and imaginarydots part of field correla- FIG. 4. Intensity correlation function with frequency shift

tion function with displacement. Equatid) has been used to fit (circles. The solid line is the theoretical expression 0+ C,
(solid ling) the real part. The imaginary part is predicted to vanish.ysing the values of ,, D, a, andz, found from the fit ofCc. The
C, andC, contributions are represented by the dotted and dashed

[38]. In both cases the variables of the incident and outgoindjnes, respectively.
waves are shifted by the same amount. This result holds even
in the presence of significant long-range intensity correla- 1 sin(koAx)  J;(koAX)
tion. In previous optical studig®6], only the intensity was Ce(Ax)= (1+2A) A= T hax | ©
measured. Its correlation function with frequency was shown 0 0
to be the square of the Fourier transform of the time of flight ) ) ) )
distribution. In that case, long-range correlation was negli?hereko is the free spack vector. This expression gives a
gible and the measured correlation function was essentiall§o0d fit over 30 points to the dat&ig. 3) for A=0.73 and
equal toC;. 0=3.6 cm -+, in gooq?gregment vynh the calculated value

The real and imaginary parts of the field correlation func-at 18 GHz of 3.8 cm®. This confirms that the scattered
tion with displacementCg(Ax)=(E(x,»)E* (x+AX, »)) intensity angular d|str|but!oh( #) and the spatial correlation
averaged over sample configuration, frequentyetween 18  function Ce(Ax) are Fourier transforms.
and 18.5 GHz, and positior, are shown in Fig. 3. The Squaring t_he f|e_ld gives the intensity and allows us to
imaginary part of the field correlation function with displace- COmpute the intensity correlation function and to compare it
ment is small, in contrast to the field correlation functiont© the modulus square of the field correlation function. In the
with frequency(see Fig. 1 As shown below, this is a con- frquency do_main, we compare the_mea_sured intensity cor-
sequence of the isotropy of the random field. Such isotropyelation functionC(A») to C,+C, given in Egs.(2) and
may be expected at the output of a quasi-one-dimensionafl), assumingCs is negligible and using the values bf,
sample, far from the boundary, or on length scales smalleP: & andz, found from the fit toCg without additional
than the sample thickness at the output of a random slab. B§djustable paramete(§ig. 4). The valueC(Ar=0)=1.13
the translational invariance of the field correlation function

with  displacement, Cg(Ax)=(E(x)E* (x+AXx))=(E(x 1

—AX)E* (x))=CE(—Ax). By the isotropy ofCg(Ax) with . data
regard to the direction of the displacement, we can exchange , i - - - fit without 7
—Ax andAx. This givesCg(Ax)=Cg(Ax). SinceCg(AX) s — fitwithz,

equals its complex conjugate, its imaginary part vanishes. In
contrast, the imaginary part of the field correlation function
with frequency shiftCg(Aw) does not vanish because the
change ofAw to —Aw also requires that the complex con-
jugate be taken.

In transmission, the angular distribution of the scattered
intensity is predicted to bE39]

1 (6)=A cosf+cos 6, (5

0 100 200 300 400 500
whereA=z,/l and the scattering angkis measured from Av (MHz)
the normal to a reference plakeclose to the output surface.  FiG. 5. Long-range contribution to intensity correlation function
Following Ref.[39], the two-dimensional2D) Fourier trans-  c—C, normalized to its value ak v=0. The solid line corresponds
form of this expression is the 2D spatial correlation functionto Eq. (A1) which includes internal reflection. The dashed line is
of the field overX. When taken along a line, this reduces to given by Eq.(3), which does not include internal reflection.
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is the variance of the normalized intensity. The difference ofsupported by the National Science Foundation under Grant
this from unity is a measure of mesoscopic corrections tdNos. DMR 9973959 and INT9512975, a PSC-CUNY grant,
correlation. TheC— C, contribution normalized by its value the United States—Israel Binational Science Foundation
at Av=0 is shown in Fig. 5. The comparison to E@1), (BSPH, and the Groupements de Recherche POAN and
which includesz,,, and to Eq{(3) which does not, shows the PRIMA.
effect of internal reflection.
In conclusion, we have measured the field correlation APPENDIX A
function with frequency and displacement and shown that ) )
they are the Fourier transforms of the time of flight distriou- e give the complete expression for the long-range con-
tion and the specific intensity, respectively. Comparison witHfibution C, including absorption and internal reflection, for
theoretical expressions gives the diffusion coefficient, diffu-quasi-one-dimensional geometry. We follow the approach of
sive absorption length, extrapolation length, and mean freE#0] in which the correlation function was written in the
path. The measurement of both the field and intensity correform
lation functions makes possible a direct separation between No+ Nt N
short- and long-range intensity correlation. Cz(AV):Z%, (A1)
We are indebted to the late Narciso Garcia for valuable
suggestions, support, and encouragement. We thank Profesith an overall factor of 2 to account for the one-channel-in,
sor Boris Shapiro and O. Legrand for helpful discussions an@ne-channel-out experimental setup. We obtain the following

Marin Stoytchev for technical contributions. This work was expressions, which differ foB andN, from those in[40]:

B=[1+2Z5(y2 — %) +z(v% + v*)?][cosh2y,L)—cog2y_L)]+4Z5( v + y*)[cosh2y, L) +cog2y_L)]

+H{Ay, zp[ 14255 +y2)Isini( 2y, L)} +{4y_z,[1-Z(¥5 + ¥y*)Isin(2y_L)}, (A2a)

2){[(2vi—a2>+z§(871+2yiy2_—y%a2—3via2+a4>+zﬁwi+y2_><2y‘i—2yia2

P2y (Y-
+a*)]sinh(2y. L) +[42y7: (375 —a®) + 425y, (371 +¥1y2 — 291 a®+a®)Isink(y, L)}, (A2b)
1
Nb=—22{[—(2)/2,+()z2)-i-2§(8yf4—23/%r ¥:+ yia2+372,a2+ a4)—zﬁ( 'yi+ Y2)(29* +24% a?
2y_(yZ+a)
+a*)]sin2y_L)+[4z,y_ (372 +a?)—4z3y_(3y* +y2 y2 + 292 o+ a®)]sirf(y_L)}, (A2c)
Yi+y2

{{[— az—zg(Byi 72,+5)/ia2—572,012+ a4)+2§a2(—2y3r yz,— yiaz—k yz,az)]sinI’(ZaL)

@

2a(y5 —a?) (Y2 +a?)

+l4zpa H(— 2y — Y2 aP+ Y2 a?— oY) +4Za(— 392 y2 — 292 a?+ 292 a?) JsintR(al)}. (A2d)

APPENDIX B correlation frequencyv, F(v;) andF(v,) are nearly iden-
tical as long ag’,— v4 is much smaller than the pulse band-
width. With the change of variableg;=v+Av/2 and v,
=v—Av/2, F(v1)F*(v,)~|F(v)|? and Eq.(B1) becomes

We show that the time of flight distribution and the field
correlation function with frequency shift are Fourier trans-
form pairs. The response to a wave packét) is E(t)
= [dvexd —i2mit]F(v)E(v), where F(v) is the Fourier
transform off (t) andE(v) is the field measured at a given (Ez(t)>=f dvdAvexd —i2wAvt]
point at frequencyr. From this expression, the ensemble
average of the temporal intensity variation of the transmitted X(E(v+AvI2)E* (v—AvI2))|F(v)|% (B2)

pulse may be written as o ) ) o
Within a frequency range in which the variation in the

averaged intensity (I(v)) is small, we can write
<E2(t)>=f dvidvoexd —i2m(vy—vy)t] (E(v+AvI2)E* (v—Av/2))=(1(»))Cg(v,AV), where
Ce(v,Av) is the normalized field correlation function
X(E(v1)E*(v,))F(v1)F*(vp).  (B1)  around the frequency. In a frequency range in which the
change in scattering parameters is smalg(v,Av)
If f(t) is a short pulse with a bandwidth much wider than the=Cg(Av), and we find
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where the last step follows from Parseval’s theorem. Conse-
<Ez(t)>:f du(l (V)|F(V)|2>J dAv quently, the time of flight distribution Z(t)
=(E?(t))/fdt{I(t)) and the field correlation function are
xXexd —i27mAvt]Ce(Av) Fourier transform pairs:
=f dt(l(t))j dAvexd —i2mAvt]Ce(Av),
° 83) I(t)zf dAvCe(Av)exd —i2mAwt].  (B4)
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